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Abstract: The quantum kinetic equations (QKEs) are 
quantum master equations that account for both coherent 
quantum mechanical evolution and kinetic evolution 
induced by scattering. We solved the QKEs for a simple 
two-state neutrino system in the hot and dense early 
universe where both neutrino flavor oscillation and 
scattering are important in the evolution of the neutrino 
states. We found that solutions to the QKEs point 
toward an approximate “equilibrium” solution 
where the quantum effects balance the kinetic 
effects. In this poster, we will assess the validity of this 
approximation.
Figure 3: We compared solutions to the QKEs to the equilibrium approximation.  
The dashed line represents the solutions to the QKEs, as described by the cartoons 
in Fig. 1.  The red represents negative values, and blue for positive values.  The 
black solid curves represent the difference between the QKE solutions and the 
quantum kinetic equilibrium approximation.  Although the differences are largest 
at the resonances, it should be noted that the difference remains many orders of 
magnitude smaller than the solution values.  Other than at the resonances, the 
differences between the solution and equilibrium approximation are a fractional 
part in 1010 for Px and a part in 107 for Py.  It should be noted that the 
computational tolerance was 10–10, so the Px solutions are consistent with the 
equilibrium within the computational tolerance, while the Py solutions, while very 
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The quantum kinetic equations can be rewritten as a set of 
coupled evolution equations for a “polarization” vector, P.  
This vector represents both the occupation probabilities of 
each flavor state and the quantum mechanical coherence 
between the states.
Coherent evolution, 
proportional to w, 
the quantum oscillation rate
Collision operator, 
proportional to G, 
the scattering rate
The polarization vector is three-dimensional. The z-
component tells us about probabilities, and the x- and 
y-components have the information about quantum 
coherences.
The Hamiltonian vector, H, points in the direction of the 
high energy eigenstate, whose length is equal to the 
quantum mechanical oscillation rate.
In this space, coherent Schrodinger evolution is 
represented by P precessing around H, while scattering 
generally pushes P toward the z-axis.
Quantum Kinetic Equilibrium occurs when the 
quantum mechanical coherent evolution 
balances with the scattering-induced kinetic 
evolution, resulting in an equilibrium state where the 
quantum coherences (x- and y-components of P) are 
stationary on oscillatory/scattering time scales.
Solutions to the Quantum Kinetic Equations
We introduced a net lepton number which, in the expanding universe, creates two energy level crossings.  These level crossings are resonances where neutrino transformation 
can efficiently occur.  The resonances are characterized by the Hamiltonian vector, H, flipping from downward to upward or vice-versa in our diagram.
Figure 1: (These solutions should be interpreted as cartoons of the evolution.  The angles in the figure are greatly exaggerated for ease of viewing). There are two important 
behaviors present in the quantum kinetic evolution:  first, the initial condition experiences “ringing” as it undergoes a damped oscillation to an equilibrium state (see Figure 2).  
After ringing, there is no oscillation seen.  At the first resonance, the Hamiltonian vector rapidly flips, and the polarization vector simultaneously rotates to the back side of the 
sphere shown, always remaining near the quantum kinetic equilibrium state. Finally, at the second resonance, the Hamiltonian vector rapidly flips back, and the polarization 
vector follows suit.  Between the resonances, the equilibrium shifts slowly.  The polarization vector is always near its quantum kinetic equilibrium (see Figure 3).
Figure 2: Starting from an initial condition of P = (0, 0, 1), the polarization vector 
“rings” toward the equilibrium value with oscillation rate w and decay rate G/2.  
The top panel shows the damped oscillations of Px and Py toward equilibrium with 
an initial temperature of 1500 MeV.  The bottom panel shows that for a range of 
initial temperatures, with the same initial polarization, the damped oscillations are 
fit perfectly by a damped oscillation with oscillation rate w (red) and decay rate 
G/2 (blue).  The dashed curves represent theoretical curves of these rates and the 
equilibrium values (x-red, y-blue) as a function of temperature, and the dots show 








































At the resonances, the Hamiltonian vector 
and equilibrium values change quickly.
(Figure 3)
“Ringing” First Resonance Second Resonance
